the late eff ects (from 3 months to 10 years after irradiation, but mainly in the fi rst 2 years) are irreversible and devastating. Th e late reactions occur as secondary to damage to vascular and glial tissues, which develop due to cytokine release, increases in capillary permeability and extracellular edema, and demyelination leading to small-vessel occlusive disease and bleeding (Fike et al. 1984 , Tofi lon and Fike 2000 , Belka et al. 2001 , Monje and Palmer 2003 , Wong and Van der Kogel 2004 , Hwang et al. 2006 ). Severe late central nervous system toxicity has been reported in 2 -32% of the patients, with a Ͻ 5% incidence after standard 60 Gy in 1.8 -2 Gy fractions (Emami et al. 1991 , Ruben et al. 2006 ) and up to 32% following radiosurgery (Williams et al. 2009 , Marks et al. 2010 . Considerable eff ort has been devoted to reducing the risk of dose-dependent minor-to-severe neurocognitive defi cits and focal radiation necrosis, with the subsequent progressive deterioration and death. Th e currently emerging external beam techniques, such as stereotactic radiosurgery, conformal and intensity-modulated teletherapy, helical tomotherapy, volumetric arc therapy and proton therapy, increase the physical selectivity or complexity (simultaneous integrated boost) of the dose delivery. At the same time, the higher fraction doses or higher relative biological eff ectivity are associated with a higher probability of radiation necrosis (Chua et al. 2009 , Blonigen et al. 2010 , Mizumoto et al. 2010 , Kase et al. 2011 , Minniti et al. 2011 . Moreover, in a majority of the cases the inclusion of surrounding normal brain tissue into the clinical target volume cannot be avoided, because of the potential tumor cell content. A diff erent approach, involving increase of the radiation tolerance of the healthy brain cells, therefore appears to be of great importance (Jenrow et al. 2010 , Robbins et al. 2010 , Xin et al. 2012 .
Investigations of the potential protective eff ect of different drugs demand the availability of a reproducible and reliable small-animal experimental model of partial brain irradiation with the comparative detection of functional and morphological changes in a reasonable time frame.
Introduction
Radiation therapy plays an indispensable role in the management of sinonasal, nasopharyngeal, and both primary and secondary brain tumors. However, its side-eff ects, and in particular the acute and chronic brain injuries, are major dose-limiting complications inhibiting eff ective treatment of such tumors. After recovery from the early-onset syndromes,
In the small-animal radiobiological studies on brain injury to date, either the whole brain was irradiated, with or without shielding of the susceptible neighboring organs (ocular, oral and pharyngeal structures), or very special, time-consuming techniques were applied to achieve focal energy deposition in the rat brain (stereotaxic radiotherapy, proton stereotaxy or synchrotron-based microbeam irradiation). Th e aim of the present study was the development of a relatively simple, but reproducible and eff ective experimental system that could become widely available for research on focal brain injury due to radiotherapy or concomitant radio-chemotherapy, and for preclinical studies on potential radio-neuroprotective agents.
Materials and methods

Animals
Experiments were performed on 57 adult Sprague-Dawley male rats, weighing on average 210 g (range 176 -280 g). Th e animals were housed in a climate-controlled environment (25 ° C) maintained on a 12 h light/12 h dark cycle and were allowed free access to food and water. All experiments were conducted in full accordance with the European Communities Council Directive of 24 November 1986 (86/609/EEC) for the Care and Use of Laboratory Animals and were approved by the University Animal Research Committee.
Dosimetry of small electron fi eld
In order to verify the dose depth curve, the fi eld profi le and the lateral dose fall-off of the 2, 4, 6, 8, 10 and 12 mm electron collimators, we measured the absorbed dose of a 6 MeV electron beam irradiating at a dose rate of 300 monitor units (MU)/min in a water phantom, using a pin-point ionization chamber (Canberra packard Central Europe GmBH, Schwadorf Austria), and in a solid water phantom with a 1 cm build-up layer for fi lm dosimetry (Canberra packard Central Europe GmBH). Th e graphical representation of the entrance of the treatment beam was aligned with the approximate location of the corpus callosumhippocampus as determined from pre-existing magnetic resonance imaging (MRI) and computed tomography (CT) scan of a rat. Th us, for evaluation of the dose distribution, the 90% and 70% isodose levels were superimposed on the image of the skull, aligned with the approximate location of the general rat brain structures ( Figure 1A ).
Irradiation
Two prone adult male Sprague-Dawley rats placed nose-tonose in the irradiation position, with earpin fi xation, were imaged in the Emotion 6 CT scanner (Siemens AG, Erlangen Germany) in order to obtain three-dimensional anatomical information for planning of the radiation geometry. Slices (1.25 mm) were obtained by using the maximum resolution aff orded by the scanner. Th e whole brain, eyes, internal ears, corpus callosum and hippocampus on both sides, together with the target volume, were delineated in the XIO CMS ™ treatment planning system (ELEKTA, Stockholm, Sweden), using MRI and the anatomy atlas of the rat brain. A 6 MeV lateral electron beam at a 100 cm source-to-skin distance (SSD) was chosen because it has a sharp dose fall-off with depth, confi ning the radiation dose delivery to the defi ned volume of the hippocampus, including the corpus callosum of the ipsilateral hemisphere, while sparing the skin, the eyes, the ears, the cerebellum, the frontal lobe and the contralateral half of the brain ( Figure 1A, 1B) . No build-up bolus was used.
Th e planned doses were delivered in a single fraction by means of a linear accelerator (Primus IMRT, Siemens, Erlangen, Germany) at a dose rate of 300 -900 MU/min, with six circular apertures, 10 mm in diameter each in a 20 mm thick Newton metal insert placed into the 15 ϫ 15 cm electron applicator, to the following groups of animals: 120 Gy ( n ϭ 3), 110 Gy ( n ϭ 3), 100 Gy ( n ϭ 3), 90 Gy ( n ϭ 6), 80 Gy ( n ϭ 3), 70 Gy ( n ϭ 6), 60 Gy ( n ϭ 3), 50 Gy ( n ϭ 6), 40 Gy ( n ϭ 12), sham irradiated ( n ϭ 12), respectively.
Immediately prior to irradiation, the animals were anesthetized with an intraperitoneal (i.p.) injection of 4% chloral hydrate (1 ml/100 g Fluka Analytical, Buchs, Switzerland, 23100). Th ey were placed two-by-two, nose-to-nose, on the three-storeyed positioning device on the couch of the irradiation unit and their heads were aligned individually at the intersection of the beam axis-marking lasers. Th e light fi eld was directed at exactly the middle of the distance between the eye and ear, with the upper edge at the top of the skull. An ear plug was inserted into the ipsilateral ear. Pairs of animals were situated on all three storeys. Th e irradiation dose rate Figure 1 . Dose distribution using a 10 mm diameter beam. Th e 90% and 70% isodose levels are superimposed on the sagittal image of the rat brain (A). Th e H & E slide of the brain at the 70 Gy dose level. Damage caused by the irradiation at the left side localized to a defi ned small brain volume in the high dose region without any histopathological aberrations in the contralateral hemisphere (B). Th e sub-panel image right to the image B shows the post irradiation brain injury with higher magnifi cation. Cer, cerebellum; SN, substantia nigra; CPu, caudate putamen; NAc, nucleus accumbens; MFB, medial forebrain bundle; cc, corpus callosum.
was 300/900 MU/min and de-escalated doses ranging from 120 -40 Gy were applied, with 3 -12 animals per dose level. Th e monitor units (3000 MU/10 Gy) used for the irradiation were derived from the previous small-fi eld dosimetry. Th e radiation geometry was verifi ed prior to the irradiation, and documented by control imaging on fi lm after the irradiation. Th e animals were fi rst imaged with the 6-hole insert exposed to 6 MeV electrons (50 MU), after which the insert was removed and a large fi eld (20 ϫ 20 cm) of 6 MeV photons was imaged (1.6 MU) to obtain an outline of the skull together with the body landmarks such as oral cavity, ear canals, etc. Sham controls were anesthetized, but not imaged or irradiated. Following treatment, the animals were transferred to their home cages and kept under standard conditions, with weekly weight measurements, descriptive behaviour observations and skin detection.
Neurofunctional tests
Rats were placed individually in cages, taken to the behavioural room (ventilated and maintained at 21 -23 ° C) and allowed to habituate for 1 h prior to behavioural testing, which was performed during the light phase of the light/dark cycle. Th e neurofunctional examinations were performed prior to (baseline), and every two weeks (open fi eld) or monthly (Morris water maze (MWM)) after the radiation (Additionally MWM test was repeated more frequently during the fi rst month post-irradiation). All arenas and objects used in the neurofunctional experiments were cleaned with 70% alcohol after each trial. Th e test devices were dried before the next task started. Feces were removed from the MWM between trials. All tests were recorded with a video camera.
Open fi eld
Locomotor activity was measured every 2 weeks by an automated tracking system with an activity chamber. A monochrome video camera was mounted at the top of the chamber. Th e open black box with a dark fl oor was made of wood (48 ϫ 48 ϫ 40 cm, length ϫ width ϫ height). Th e box was connected to a computer which recorded the inquisitive behaviour and locomotor activity of the animal. Th e rats were placed individually into the arena, which was equipped with automated infrared photocells for measurements, and allowed to move spontaneously for 15 min. Tests were performed at the same time of the day so as to minimize changes in locomotor activity due to the diurnal rhythm. Between sessions, the open-fi eld was cleaned with alcohol and dried. Th e movement signals (stored in the computer) were analyzed by Conducta 1.0 (Experimetria Ltd, Budapest, Hungary) analysis software. Th e analysis resulted in a track record; the locomotor activity was expressed as the total distance moved (cm) in a predetermined period of time, the times spent in movement and at rest (s), the average speed of the rat (cm/s), and the frequency and duration of prancing.
Morris water maze
Th e MWM protocol of Vorhees and Willams (Vorhees and Williams 2006 ) was used, visuospatial cues being provided to guide the animals in tests of hippocampal memory. Th e MWM consisted of a cylindrical white tank with a diameter of 175 cm and height of 50 cm, made opaque with non-toxic tempera paint. Th e tank was fi lled with water up to 32.5 cm and maintained at 21 -24 ° C. Th e pool was divided into four quadrants, arbitrarily referred to as south-east, north-east, north-west and south-west quadrants. A transparent square Perspex escape platform measuring 10 ϫ 10 cm was submerged 1 cm below the surface of the water (where it was not visible to the animals), 30 cm from the wall in the south-east quadrant of the pool. Th e position of the platform was constant throughout the 3-day acquisition period. Four A3-sized pictures (black, white and blue circles, triangles, stripes and squares) were fi xed permanently on the surrounding walls and served as distal navigation cues to enable the rats to locate the platform. Th e distinctive visual cues remained constant throughout the entire course of testing. Th e fi rst two days were acquisition or training days, and the task was performed on the third day. Th e training period consisted of fi ve trials per day with a 5-min inter-trial interval. Each trial began with the rat in the pool and ended when the rat found the platform or after 120 s. If the animal failed to locate the platform within 120 s, it was guided to the platform manually. Once on the platform, the rat was allowed to rest for 10 s. It was then towel-dried and placed in an inter-trial holding cage where a heating source was provided to maintain the animal ' s body temperature during the inter-trial interval. During the acquisition phase, measurements were made of the time (s) and the path length (cm) taken to locate the platform.
MRI
Sixty rats underwent 72 MRI procedures prior to or 4 -19 weeks after irradiation. Randomly selected animals from each irradiation dose level were examined by means of 1.5 T MRI (Signa Excide HDxT, GE Healthcare, Little Chalfont, Buckinghamshire, UK), using a human head coil with a home-made styrofoam holder containing six animals under i. p. chloral 
Histopathology
Rats were anesthetized with 4% chloral hydrate and perfused transcardially with 0.1 M phosphate buff er solution (pH 7.0 -7.4) to fl ush out the blood before they were fi xed with 4% paraformaldehyde buff er solution (pH 7.0 -7.4) atdose level survived longer, but also deteriorated between 30 and 50 days post-irradiation. At the lower dose levels, there were no signs of a general impairment; the weight gain, eating habits and daily activity did not diff er from those of the control rats. All the irradiated animals suff ered hair loss from the site corresponding to the beam entrance within 30 days following the irradiation.
Neurofunctional tasks
In the early observations, signifi cant diff erences in the locomotor function of the rats irradiated at 90 -40 Gy were not detected with the open-fi eld test (either in the ambulation time or in the mean velocity), but the motor activity started to decrease slightly 8 weeks after irradiation with the 90 Gy dose. Th e prancing activity was signifi cantly reduced in the groups that received 90 -60 Gy. Th e time at which the rearing activity started to decline was dose-dependent: It was 40 -55 days post-irradiation after the 90 Gy dose (mean Ϯ standard error of the mean [SEM], * p Ͻ 0.05) (Figure 3) . Th e animals that received 120 Gy died before marked changes could be seen in this parameter.
Th e MWM test was found to be a highly sensitive tool for the detection of a neurofunctional impairment. A relevant memory deterioration was detected soon after the dose delivery at the 70 Gy dose level and the diff erence increased with time ( * * * p Ͻ 0.001). A signifi cant cognitive defi cit was also observed 8 weeks after the irradiation in the group treated with 60 Gy (mean Ϯ SEM, * p Ͻ 0.05) (Figure 4) . Th e starting of the impairment of the learning-memory function proved to be dose-dependent; in the groups irradiated at 50 -40 Gy, the fi rst sign of deterioration was detected 30 days postirradiation and the diff erence relative to the control animals was more pronounced after 90 days ( Figure 5 ).
MRI
Serial MRI revealed structural damage in the form of cavity formation in the cortical region, with extensive perifocal edema, which appeared in general from 2 -4 months following irradiation (Figure 6 ). Changes may have occurred earlier but we performed the fi rst post-irradiation MRI after 4 weeks in the majority of the cases, since our aim was to investigate late eff ects. Radiation-induced cystic necrosis began to appear at approximately 4 -8 weeks post-irradiation in the rats irradiated with 120 -60 Gy; after a lower dose, the structural changes emerged later, 19 -24 weeks after irradiation: in Luxol fast blue (LFB) staining was used. All analyses were performed blindly, using coded sections. Evaluations were carried out independently by two experienced histopathologists with a semiquantitative method, a score being awarded for each examined parameter (necrosis, macrophage density, vascularization, hemorrhage, reactive gliosis, calcifi cation and demyelination), on a semiquantitative scale from 1 -4 (whereas ' 1 ' represented the normal brain structure).
In the case of necrosis, at low magnifi cation (optical magnifi cation [OM] 50 ϫ ): 0: not detected; 1: necrosis detected in Ͻ 50% of the examined fi eld; 2: necrosis detected in 50 -100% of the examined fi eld; 3: the necrosis detected was larger than the fi eld of vision, or aff ected both hemispheres of the brain. Th e macrophage density was examined at high magnifi cation (OM 400 ϫ ): 0: no foamy macrophages detected; 1: Ͻ 5 foamy macrophages/high-power fi eld (HPF); 2: 5 -10 macrophages/HPF; 3: Ͼ 10 macrophages/HPF. Vascularization was scored (OM 50 ϫ ) as 0: no neovascularization detected; 1: newly-formed small, simple capillaries detected around the necrosis; 2: newly-formed capillaries detected around the necrosis, which contained variously-sized, but simple capillaries; 3: large, complex capillaries or small capillaries seen with endothelial proliferation. Hemorrhage (OM 50 ϫ ): 0: no hemorrhage detected; 1: hemorrhage detected in a single, small focus; 2: hemorrhage seen in multiple small foci, or a single, larger focus; 3: extensive multiple hemorrhage detected. Reactive gliosis (OM 200 ϫ ): 0: no; 1: mild; 2: moderate; 3: severe reactive gliosis detected in the brain. Calcifi cation (OM 50 ϫ ): 0: no calcifi cation; 1: a single small calcifi ed focus detected; 2: multiple small or a single, larger focus detected; 3: extensive, multiple calcifi cations detected. Demyelination (OM 400 ϫ ): 0: none; 1: mild; 2: moderate demyelination, but fi bers detected; 3: severe demyelination, with destruction of the fi bers.
Statistical analysis
Statistically signifi cant diff erences relative to the control are reported as * p Ͻ 0.05, * * p Ͻ 0.01, * * * p Ͻ 0.001, while those relative to each other at diff erent dose levels are denoted by the symbol #. Data were analyzed by using analysis of variance (ANOVA) and the Fisher PLSD post hoc test. Signifi cant interactions were explored with the t -test (unpaired) and the Mann-Whitney rank sum test when appropriate.
Results
At the dose levels ranging from 90 -40 Gy, the morphological and functional changes could be evaluated, but outside this dose range we observed either lethal or serious events (from 120 -100 Gy) or no changes (doses Ͻ 30 Gy; data not reported here) during the at most 4-month post-irradiation follow-up period.
Subject outcome
At the highest dose (120 Gy), all of the animals underwent a rapid serious general and neurofunctional decline (Figure 2 ) and died or had to be euthanized between 25 and 40 days after the irradiation. Th e rats irradiated at the 110 Gy Figure 2 . Th e explorative behavior of the animals started to decrease 2 weeks after irradiation at the 120 -110 Gy dose levels, but the rats died before marked changes in this parameter occurred (mean Ϯ SEM).
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the T2 weighted images of the ipsilateral hemisphere, in both the coronal and the sagittal plane (Figure 7 ).
Histopathological fi ndings
The H & E-stained slides of the control animals and the non-irradiated regions of the brain of the treated animals exhibited no signs of necrosis, i.e., neither reactive astrogliosis, nor any of the other examined histopathological categories ( Figure 1B) . In the irradiated region of the brain, the following parameters correlated closely with the high (90 -120 Gy), medium (60 -80 Gy) or low dose (40 -50 Gy) level: reactive gliosis, vascularization, macrophage density, necrosis and calcification. No marked dose dependence was detected as concerns the extent of hemorrhage ( Figure 8D ). The dose Ͼ 90 Gy groups displayed severe necrosis that reached the gray and white matter, causing severe demyelination, with destruction of the fibers. The levels of necrosis, reactive astrogliosis, calcification and the density of the foamy macrophages were significantly elevated in these groups as compared with the control animals ( Figure 8) .
Th e extent of the hemorrhage was signifi cantly higher than for the other irradiated animal groups. Th e scores in the 90 Gy group were as follows: Necrosis (2.83), macrophage density (2.33), neovascularization (2.50), hemorrhage (1.0), reactive astrogliosis (2.0), calcifi cation (2.17) and demyelination (3.0). In the 60 -80 Gy groups, severe-to-moderate necrosis was seen, with severe-to-moderate demyelination, but the fi bers could mostly be detected. In one irradiated animal, fi brin coagulum was seen in a newly-formed capillary near the necrosis. In comparison with the control group, signifi cant correlations were detected in the following categories: necrosis, macrophage density, vascularization, calcifi cation and reactive gliosis. Moderate hemorrhage was observed in the animals irradiated with the 80 Gy dose. Th e scores were as follows: necrosis (1.89), macrophage density (2.00), neovascularization (1.89), hemorrhage (1.1), reactive astrogliosis (1.3), calcifi cation (1.3) and demyelination Vinchon-Petit et al. 2010 ), or whole-brain irradiation using a standard fi eld with a bolus above the skull (Ernst-Stecken et al. 2007 ). However, highly selective dose delivery techniques were recently introduced for humans in the cases of head and neck and primary brain tumors, and radiosurgery for benign and malignant brain lesions. For radiobiological investigations in an experimental setting corresponding to clinical radiotherapy, conformal partial brain irradiation was performed on large animals (Tiller-Borcich et al. 1987 , Lunsford et al. 1990 , Yamaguchi et al. 1991 , Spiegelmann et al. 1993 ), or a sophisticated technique was applied, such as small-animal stereotactic irradiation either with a gamma knife (Yang et al. 2000 , Kamiryo et al. 2001 , Lisc á k et al. 2002 , Jir á k et al. 2007 , Liang et al. 2008 , Charest et al. 2009 , Hirano et al. 2009 , Massager et al. 2009a , 2009b , Marcelin et al. 2010 or with a linear accelerator (LINAC)-based approach (ErnstStecken et al. 2007 , Lin et al. 2012 ). Arc therapy with the application of cylindrical collimators allows the irradiation of subregions of the skull of one subject animal (Reinacher et al. 1999 (Reinacher et al. , M ü nter et al. 2001 ) and the addition of image guidance of cone beam CT results in increased accuracy (Tan et al. 2011 ). For even more precise and highly conformal dose delivery in small animals, special devices have been developed.
(2.2). In the 40 -50 Gy groups, mild-to-moderate necrosis was detected, with mild-to-moderate demyelination. Significantly increased levels of necrosis, vascularization and reactive astrogliosis were seen. Mild calcifi cation was revealed. Interestingly, in one animal, irradiated with the 50 Gy dose, meningoencephalitis was observed, but the presence of bacteria was not seen. Th e scores were as follows: Necrosis (1.45), macrophage density (1.00), neovascularization (1.00), hemorrhage (0.73), reactive astrogliosis (0.73), calcifi cation (0.91) and demyelination (1.27).
Discussion
We have developed a simple and eff ective method for the delivery of a radiation dose to a well-circumscribed region of the brain of a maximum of six small animals simultaneously, and a reproducible experimental model for quantifi cation of the functional and morphological changes occurring due to the radiation-induced focal brain damage within a reasonable time frame.
Preclinical studies on central nervous system (CNS) injuries have mainly made use of non-targeted dose delivery resulting from full-body radiation fi elds with the selective shielding of extracranial parts (Akiyama et al. 2001 , Figure 5 . In the groups irradiated at 50 -40 Gy, the fi rst sign of deterioration was detected 30 days post-irradiation and the diff erence relative to the control animals was more pronounced after 90 days (mean Ϯ SEM; * * * p Ͻ 0.001). Figure 6 . Serial MRI revealed visible structural damage in the form of cavity formation in the cortical region, with extensive perifocal edema, which appeared from 2 -4 months following irradiation. Arrows show the place of the radiation injury. Th e meaning of T1W AX is T1 weighted image of the brain in axial plane and T2W SAG is T2 weighted image of the brain in sagittal plane.
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was irradiated equally on both sides and only two animals could be treated simultaneously (unpublished data of Farkas et al.) . Th e group at the Sloan-Kettering Institute for Cancer Research, New York, USA, centered the full dose in the 5 ϫ 5 ϫ 5 mm voxel of the brain tissue that comprised both hippocampi, using a 250 kV orthovoltage system equipped with a 0.25 mm copper fi lter and a custom-designed positioning device platform based on the standard stereotactic frame so that six animals could be irradiated simultaneously. Th e heads were centered in a 20 ϫ 20 cm treatment fi eld and X-irradiation was limited to an adjustable 2 cm diameter circular aperture centered over the cranium.
Th ere was an inevitable ' spill-over ' eff ect that included the surrounding brain tissue, but the 80 -60% isodose levels declined sharply within the approximate volume of 10 ϫ 10 ϫ 10 mm (Panagiotakos et al. 2007 ). Our method is comparable as regards the number of animals that can be treated at the same time, but our target volume can be limited to one hemisphere in consequence of the characteristics of the electron dose-depth curve. Because of the relatively circumscribed, reproducible energy deposition, the radiation was well tolerated in the acute phase, with minimal side-eff ects, including hair loss at the irradiated site. A threshold could be observed at 100 Gy in the delayed reaction because the rats irradiated with a dose Ͼ 100 Gy experienced a severe general and neurological decline within 2 months post-irradiation. At focal brain irradiation doses Յ 100 Gy, the animals did not show any sign of a general deterioration. A similar result was published by Lisc á k et al. (2002) , who found that, when both hippocampi were irradiated with 25, 50, 75, 100 or 150 Gy, the dose higher than 100 Gy led to serious sequalae and even death of the subject animals within 4 -5 months . In the case of a 100 Gy dose delivered to a smaller volume (a spherical target volume of 3.7 mm or 4.7 mm in the right frontal lobe), the rats could be followed for up to 7 months, but then had to be sacrifi ced due to their general and neurological deterioration (Jir á k et al. 2007) .
Th e advent of improved focusing of an X-ray scalpel can be applied to brain targets as small as a few millimeters in diameter (Gutman et al. 2007 ). Microbeam radiation therapy involves the use of micrometer-wide synchrotron-generated X-ray beams which can provide a homogenous dose delivery to a target volume of 7 mm 3 in the rat caudate nucleus (Anschel et al. 2007 ). Proton beams are likewise excellent tools for the precise energy deposition of ionizing radiation to a small focus in the small-animal brain (Namba et al. 1996 , Rabinov et al. 2006 . Th e latter radiation techniques provide increased precision as concerns dose delivery to a small volume of the rat brain, though all of them are rather timeconsuming and highly labour-intensive. Our method is quite a simple approach that results in the well-circumscribed irradiation of one dedicated region of the rat brain, limited to one side. We have developed a special small-animal holder where three pairs of animals can be positioned nose-to-nose on three storeys, each of which can be adjusted with submillimeter elevation precision. Th e equal dose delivery to the six rats is based on a custom-made insert containing six holes and six earpins with defi ned geometry. Th e fi lm verifi cation prior to and after the radiation provides high accuracy and quality control of the radiation.
As far as we are aware, this method involving six customi zed apertures 8 -10 mm in diameter for 6 MeV electron beams with an SSD of 100 cm is the fi rst approach that enables the selective irradiation of a predefi ned brain region, with the non-irradiated hemisphere serving as control, in multiple animal targets simultaneously. Th e simultaneous irradiation of more than one rat was earlier reported by Vinchon-Petit et al. (2010) , but that was not a conformal method: the whole brains of four animals were treated with uniform 15 ϫ 15 cm radiation fi elds at a source-axis distance of 100 cm. In our own previous work, we achieved conformal, simultaneous irradiation limited to one region with the use of a special immobilization device and a BrainLab stereotactic system including a micro-multileaf collimator, but the frontal lobe Figure 7 . Radiation-induced cystic necrosis began to appear at approximately 4 -8 weeks post-irradiation in rats irradiated with 120 -60 Gy; at lower doses, the structural changes were observed later, 19 -24 weeks after irradiation, in the T 2 weight images (T2W), in the ipsilateral hemisphere in both the coronal and sagittal planes. Arrows show the place of the radiation injury. T1W AX, T1 weighted image of the brain in axial plane; T2W SAG, T2 weighted image of the brain in sagittal plane.
K. Hideghé ty et al.
same result. Th e changes in spontaneous locomotor activity mostly depend on the nature and magnitude of the lesions (Leggio et al. 2006 , Alstott et al. 2009 ). In our experiments, the slight changes in locomotor activity can be explained by the short time frame of the open-fi eld tests. Th ese revealed that the eff ects of relevant damage in the motor cortex start to become observable 8 weeks after irradiation, which corresponds well to the development of an irreversible human focal brain injury (Godsil et al. 2005 , Huang et al. 2009 , Caceres et al. 2010 ). Nevertheless, we do not consider the open-fi eld activity to be a highly sensitive tool for the detection of changes due to radiation damage.
A subsequent detailed analysis of our data demonstrated that the locomotor deterioration could be measured at high dose levels and at later time points than 2 months after the We performed a dose-de-escalation from 120 -40 Gy in 10-Gy steps. Th e morphological and functional changes detected were clearly related to the radiation dose. Th e two-weekly assessment of open-fi eld tests did not reveal any behavioural alteration, apart from the rats irradiated at 120 -110 Gy, which displayed an obvious deterioration. Only the changes in prancing activity indicated the eff ect of the focal brain injury; these were fi rst observed 40 -55 days postirradiation at the 90 Gy dose level. In the course of its explorations, the rat gains information about its environment and it continues this activity until it can develop an integrated concept of the situation. One of the most important roles of the hippocampus is to achieve this integration, and in normal rats this goes well. Rats with an impaired dorsal hippocampus require more extensive exploration to attain the Figure 8 (A) In the irradiated region of the brain, the degree of necrosis correlated closely with the dose level (mean Ϯ SEM, n co ϭ 15, n 40Gy ϭ 6, n 50Gy ϭ 4, n 60Gy ϭ 3, n 70Gy ϭ 6, n 80Gy ϭ 3, n 90Gy ϭ 6). n co ϭ number of conrol rats, n xGy ϭ number of rats irradiated at the x Gy dose level. Signifi cance level between control and irradiated groups is indicated by * ; and signifi cance level between 90 Gy group and remain irradiated groups by #. (B) Th e numbers of foamy macrophages were signifi cantly elevated relative to the control animals in all groups (mean Ϯ SEM, n co ϭ 15, n 40Gy ϭ 6, n 50Gy ϭ 4, n 60Gy ϭ 3, n 70Gy ϭ 6, n 80Gy ϭ 3, n 90Gy ϭ 6). (C) A signifi cant correlation was detected in the degree of vascularization in the irradiated volume between the control and the 90 Gy group (mean Ϯ SEM, n co ϭ 15, n 40Gy ϭ 6, n 50Gy ϭ 4, n 60Gy ϭ 3, n 70Gy ϭ 6, n 80Gy ϭ 3, n 90Gy ϭ 6). (D) Relative to the control group, the level of hemorrhage was signifi cantly increased in all groups except those that received 70 Gy or 40 Gy (mean Ϯ SEM, n co ϭ 15, n 40Gy ϭ 6, n 50Gy ϭ 4, n 60Gy ϭ 3, n 70Gy ϭ 6, n 80Gy ϭ 3, n 90Gy ϭ 6). (E) Th e degree of reactive astrogliosis was signifi cantly elevated in all the irradiated groups compared to the control animals (mean Ϯ SEM, n co ϭ 15, n 40Gy ϭ 6, n 50Gy ϭ 4, n 60Gy ϭ 3, n 70Gy ϭ 6, n 80Gy ϭ 3, n 90Gy ϭ 6). (F) A signifi cant correlation was detected in the degree of calcifi cation in the irradiated volume between the control and the group irradiated at 90 -120 Gy dose level, at 60 -80 Gy dose level and at 40 -50 Gy dose level (mean Ϯ SEM, n co ϭ 15, n 40Gy ϭ 6, n 50Gy ϭ 4, n 60Gy ϭ 3, n 70Gy ϭ 6, n 80Gy ϭ 3, n 90Gy ϭ 6). (G) Th e higher doses caused severe demyelination, with destruction of the fi bers, and the intermediate doses led to severe-to-moderate demyelination, while the lower doses resulted in only mild-to-moderate demyelination (mean Ϯ SEM, n co ϭ 15, n 40Gy ϭ 6, n 50Gy ϭ 4, n 60Gy ϭ 3, n 70Gy ϭ 6, n 80Gy ϭ 3, n 90Gy ϭ 6).
treatment. In planned studies, therefore, we intend to perform open-fi eld tests at two-week intervals up to 6 months. Th e MWM test is widely used for the detection of neurofunctional impairments (Justino et al. 1997 , Yoneoka et al. 1999 , Akiyama et al. 2001 , Lisc á k et al. 2002 , Vorhees and Williams 2006 , Jir á k et al. 2007 , Shi et al. 2011 ). In our model, the memory decline fi rst appeared between 30 and 120 days after the irradiation, clearly depending on the dose delivered. Th e behavioural impairment correlated closely with the morphological changes detected by MRI and histology. Numerous publications have described diff erent methods and reported on the value of MRI examinations for the detection of changes (even at a molecular level) due to ionizing radiation in a small-animal brain. Radiation-induced morphological changes demonstrated by repeated MRI scans correlated well with the dose, the duration and location of the lesion (Karger et al. 1997 , Ishikawa et al. 1999 , Brisman et al. 2003 . Single doses of 150 Gy or 100 Gy produced necrosis in the hippocampus within 1 -3 months (Lisc á k et al. 2002) , and 75 Gy caused a focal brain lesion within 3 -6 months (Lisc á k et al. 2002 al. , Jir á k et al. 2007 ). At doses higher than 60 Gy, necrotic changes started to appear within 6 months (Lisc á k et al. 2002 al. , Brisman et al. 2003 , and 20 months after lower doses, such as 25 -50 Gy, delivered to the right frontal lobe of rats, MRI changes were demonstrated in relaxation times T1 and T2 (Karger et al. 1997 , Ishikawa et al. 1999 ) .
We set out to perform simultaneous MRI examinations on six rats with the available 1.5 T device and a human brain coil in order to detect and follow up the necrotic changes in vivo, and to optimize the time point of histopathologic examinations. Our method proved simple and eff ective, with a relatively high throughput, and the results exhibited a clear correspondence with the histopathological fi ndings. Th e H & E slides showed that the irradiation was localized to a defi ned small brain volume and the eff ects in the animals were well-reproducible: Th e damage appeared only in the irradiated region. We did not observe histopathological aberrations in the contralateral hemisphere or in the control animals. Th is proves the effi cacy of the irradiation method. Th e induced changes depended strongly on the radiation dose. Signifi cant correlations were detected between the radiation dose and the degree of necrosis, the presence of foamy macrophages, the vascularization and the calcifi cation.
Previous studies have indicated that histopathological structural changes, involving a decrease in the cell number and demyelination, can be expected in the dose range 50 -100 Gy (Kamiryo et al. 2001 , Lisc á k et al. 2002 , Ernst-Stecken et al. 2007 ). With such doses, our histopathological analysis revealed measurable 6 ϫ 8 mm necrotic lesions with cysta ex emollition, hemorrhage and a reactive cellular response. In confi rmation of earlier data (M ü nter et al. 1999 , Lisc á k et al. 2002 , Jir á k et al. 2007 , the severity of the radiation damage was strictly dose-dependent.
Conclusions
We have developed a well-reproducible small-animal radiation model that results in dose-dependent focal brain damage, as confi rmed by behavioural tests, in vivo MRI examinations
